Proper information processing in neural circuits requires establishment of specific connections between pre-and postsynaptic neurons. Targeting specificity of neurons is instructed by cell-surface receptors on the growth cones of axons and dendrites, which confer responses to external guidance cues [1, 2] . Expression of cell-surface receptors is in turn regulated by neuron-intrinsic transcriptional programs. In the Drosophila olfactory system, each projection neuron (PN) achieves precise dendritic targeting to one of 50 glomeruli in the antennal lobe [3] . PN dendritic targeting is specified by lineage and birth order [4] , and their initial targeting occurs prior to contact with axons of their presynaptic partners, olfactory receptor neurons [5] . We search for transcription factors (TFs) that control PN-intrinsic mechanisms of dendritic targeting. We previously identified two POU-domain TFs, acj6 and drifter, as essential players [6] . After testing 13 additional candidates, we identified four TFs (LIM-homeodomain TFs islet and lim1, the homeodomain TF cut, and the zinc-finger TF squeeze) and the LIM cofactor Chip that are required for PN dendritic targeting. These results begin to provide insights into the global strategy of how an ensemble of TFs regulates wiring specificity of a large number of neurons constituting a neural circuit.
Proper information processing in neural circuits requires establishment of specific connections between pre-and postsynaptic neurons. Targeting specificity of neurons is instructed by cell-surface receptors on the growth cones of axons and dendrites, which confer responses to external guidance cues [1, 2] . Expression of cell-surface receptors is in turn regulated by neuron-intrinsic transcriptional programs. In the Drosophila olfactory system, each projection neuron (PN) achieves precise dendritic targeting to one of 50 glomeruli in the antennal lobe [3] . PN dendritic targeting is specified by lineage and birth order [4] , and their initial targeting occurs prior to contact with axons of their presynaptic partners, olfactory receptor neurons [5] . We search for transcription factors (TFs) that control PN-intrinsic mechanisms of dendritic targeting. We previously identified two POU-domain TFs, acj6 and drifter, as essential players [6] . After testing 13 additional candidates, we identified four TFs (LIM-homeodomain TFs islet and lim1, the homeodomain TF cut, and the zinc-finger TF squeeze) and the LIM cofactor Chip that are required for PN dendritic targeting. These results begin to provide insights into the global strategy of how an ensemble of TFs regulates wiring specificity of a large number of neurons constituting a neural circuit.
Results
For technical simplicity, we studied larval born GH146-Gal4-positive PNs, originating from three neuroblast lineages, anterodorsal (adPNs), lateral (lPNs), and ventral (vPNs). Out of w25 classes defined by their glomerular targets, we focused on 17 classes (see last figure for summary) whose target glomeruli are reliably recognized across different animals. The MARCM technique [7] allows us to visualize and genetically manipulate PNs in neuroblast (Figures 1-3 ) and single-cell ( Figure 4 ) clones in otherwise heterozygous animals, so we can study PN-intrinsic programs for dendritic targeting. GH146 is expressed only in postmitotic PNs (J. Liu, M. Spletter, and L.L., unpublished observation).
We previously identified acj6 and drifter as lineagespecific regulators of PN dendritic targeting [6] . To identify additional transcription factors (TFs) that regulate dendritic targeting of different PN classes, we tested candidates that have been shown to regulate neuronal subtype specification and targeting specificity and have available loss-of-function mutants. We tested (1) the expression of candidate genes in PNs at 18 hr after puparium formation (APF) when PN dendrites are in the process of completing their initial targeting, and/or (2) their requirement in PNs by examining dendritic targeting in homozygous mutant MARCM clones.
In addition to the eight genes described below, we examined five other TFs that were not pursued because of the lack of expression in GH146-PNs at 18 . Experiments on the zinc-finger TF squeeze are described in Figure S1 in the Supplemental Data available online.
LIM-HD Factors and PN Targeting
LIM-homeodomain (LIM-HD) TFs are involved in multiple events during neuronal development [8, 9] . Most functions of LIM-HD factors require the LIM domainbinding cofactor [9] , which is represented in Drosophila by ubiquitously expressed Chip [10, 11] . Chip antibody [10] revealed ubiquitous expression of Chip in cells around the antennal lobe (AL) including all GH146-PNs at 18 hr APF ( Figure 1A) .
We tested the requirement of Chip in PN dendritic targeting. Wild-type adPNs, lPNs, and vPNs target stereotyped sets of glomeruli ( Figures 1D 1 -1D 3 ) [4, 12] . PNs homozygous for a Chip null allele (Chip e5.5 ) failed to target most of the correct glomeruli ( Figures 1E 1 -1E 3 , quantified in Figure 4A ) and occupied inappropriate glomeruli (data not shown). Most adPN and lPN clones (12/ 13) also mistargeted a fraction of dendrites to the structure ventral to the AL, the suboesophaegeal ganglion (SOG) (data not shown). Thus, Chip is required for targeting specificity of most, if not all, PN classes studied here, and Chip-interacting proteins including LIM-HD factors likely play important roles in PN dendritic targeting.
Five LIM-HD factors have been characterized in Drosophila: apterous, arrowhead, islet, lim1, and lim3. We did not pursue apterous, arrowhead, or lim3 because they are not expressed in GH146-PNs at 18 hr APF (apetrous) or they do not have targeting defects in PNs homozygous for null alleles (lim3 37Bd6 and awh 16 ). Islet antibody [13] detected Islet expression in w50% adPNs and most lPNs but not in vPNs at 18 hr APF (data not shown) and adult ( Figure 1B) . isl 2/2 adPNs failed to target many (but not all) of the normal target glomeruli, including VA1lm, VA3, and VM7 ( Figures 1F 1 and 4A ). In addition, DA1, a lPN target, was often specifically mistargeted ( Figure 1F 1 ) . Defects of isl 2/2 lPNs were very similar to Chip 2/2 lPN defects ( Figures 1F 2 and 4A) . A fraction of dendrites often mistargeted to the SOG.
Within the AL, dendrites were diffusely spread, although DA1 and DL3 were always correctly innervated. Targeting of isl 2/2 vPNs was normal (n = 16), consistent with their lack of Islet expression (data not shown).
Lim1 antibody [14] revealed Lim1 expression in most or all vPNs, but not in adPNs or lPNs in adults ( Figure 1C ). The expression pattern appears similar at 18 hr APF (data not shown), although vPNs are difficult to identify unambiguously at early stages. lim1 2/2 adPNs showed no defects, consistent with the lack of Lim1 expression. lim1 2/2 lPNs rarely showed a cell number decrease (n = 2/14), but in clones in which the cell number was normal, lim1 2/2 lPNs targeted correct glomeruli (data not shown). In contrast, lim1 2/2 vPNs showed a specific targeting defect. Wild-type vPNs innervate DA1 and VA1lm densely because of the single vPNs that specifically innervate these glomeruli, in addition to the diffuse innervation all over the AL contributed by the pan-AL vPN ( Figure 1D 3 ) [12] . In lim1 2/2 vPNs, DA1 innervation was greatly reduced and sometimes undetectable ( Figure 1F 3 , quantified in Figure 1G ). Therefore, lim1 is required for dendritic targeting by a single vPN class, vDA1, despite its general expression in vPNs. lim1 might be redundant with other factors in non-DA1 vPNs, as supported below.
We note that phenotypes of islet and lim1 combined are only a subset of the Chip phenotype ( Figure 4A ). Additional Chip phenotype may be explained by nonLim-HD molecules interacting with Chip [15] [16] [17] .
cut Is Required for Targeting of Several lPN and All vPN Classes cut encodes a homeodomain TF that regulates sensory organ identity [18] and dendritic morphogenesis Green is mCD8-GFP marking MARCM clones, and magenta is the synaptic marker nc82. All scale bars represent 50 mm. Arrowheads indicate PN cell bodies. White labels indicate glomeruli whose targeting is normal, and yellow italic labels indicate glomeruli whose targeting is defective. [19] in Drosophila peripheral nervous system. A monoclonal antibody detected Cut in subsets of adPNs and lPNs (w8 for each) and in all vPNs ( Figure 2A ). The expression pattern appeared similar at 18 hr APF. Costaining with Mz19-Gal4 and various single-cell clones with GH146-Gal4 further narrowed down Cut-expressing PNs; Cut-positive adPNs are likely embryonically born [20] and thus not included in our functional analysis, while DM1 and DM2 lPNs express Cut, but DA1, DL3, and DM5 lPNs do not ( Figure 4A ). vPNs failed to elaborate their dendrites correctly in the AL and mistargeted the SOG ( Figure 2B 3 ). In summary, cut is required by a specific subset of lPNs and all vPNs that express Cut ( Figure 4A ; Cut expression in VA5 lPNs has not been determined). 2/2 DL1 adPNs cause anterior mistargeting of dendrites [6] . DL1 is not innervated, but in the z-projection shown, it appears innervated. (E) cut misexpression causes the dendrites of DL1 single-cell clones to diffuse in the medial direction, but they still partially innervate DL1. (F) Simultaneous loss of acj6 and gain of cut cause the dendrites to completely miss DL1 and target in the medial AL. the lack of expression ( Figure 2B 1 ) . Nevertheless, cut misexpression in adPNs shifted their dendrites medially ( Figure 2C 1 , bottom) . Interestingly, adPNs misexpressing cut usually avoid DM1 and DM2, suggesting that cut controls global targeting, rather than simply promoting innervation of these glomeruli.
Postmitotic expression of a cut transgene only in labeled cut 2/2 lPNs completely rescued targeting of DM1, DM2, and VA5 (7/7). There were also gain-offunction phenotypes, and DA1 and DL3 innervation was often lacking in these clones (data not shown). Thus, cut postmitotically rescues dendritic targeting defects of lPNs that normally express cut, whereas postmitotic misexpression in other lPNs disrupts their targeting fidelity.
The vPN rescue phenotype was more complex (Figures 3C and 3E) . The cell number decrease was not rescued by postmitotic cut expression. However, the targeting defect was partially rescued. 71% of vPN rescue clones examined sent some dendrites to the AL (the rest completely failed to innervate the AL), and 68% innervated VA1lm. This is markedly better than cut
, in which only 51% entered the AL and 23% innervated VA1lm ( Figure 3E ). DA1 targeting was not rescued, raising the possibility that the DA1 vPN was never born or correctly specified in these animals.
Relationship of cut and lim1 in vPNs
The lim1 phenotype in vPNs is a subset of the cut phenotype ( Figure 4A ). We found that Lim1 immunoreactivity in cut 2/2 vPNs was either absent or greatly reduced compared to wild-type ( Figure 3B ). Therefore, Cut directly or indirectly controls Lim1 expression.
If a major function of Cut in vPNs is to upregulate Lim1, then transgenic lim1 expression in cut 2/2 vPNs might suppress part of the cut 2/2 phenotype. In cut 2/2 vPNs expressing a lim1 transgene ( Figures 3D and 3E) , the reduction of cell number was not suppressed. However, 67% clones innervated the AL (compared to 51% in cut 2/2 ). VA1lm innervation was also mildly improved (36% in UAS-lim1 versus 23% in cut 2/2 ). Thus, UASlim1 expression partially suppressed cut 2/2 targeting defects, although not quite as well as UAS-cut ( Figure 3E ). In contrast, UAS-lim1 expression in cut 2/2 lPNs, which normally do not express Lim1, did not suppress the cut 2/2 targeting defects (data not shown). Therefore, Cut and Lim1 are not simply interchangeable, and the partial suppression of cut 2/2 defects by lim1 is specific to vPNs.
Although postmitotic expression of cut partially rescued the cut 2/2 vPN phenotypes ( Figure 3E ), it failed to rescue Lim1 expression (data not shown). In addition, postmitotic misexpression of cut in adPNs or lPNs did not lead to an ectopic expression of Lim1 (data not shown). Therefore, cut is not sufficient to upregulate Lim1 expression in postmitotic neurons. We propose that cut functions at two distinct stages of vPN development ( Figure 3F ). First, cut controls the proliferation and/ or fate specification of the vPN neuroblast, including Lim1 expression. Second, cut controls dendritic targeting by postmitotic VA1lm vPNs, partially redundantly with lim1. This partial redundancy may explain the observation that lim1 2/2 vPNs target VA1lm normally ( Figure 1F 3 ). These pre-and postmitotic functions of cut in the same neuronal lineage are reminiscent of its function in peripheral nervous system development [18, 19] .
Distinct Functions of Instructive Transcription Factors
If combinations of the TFs identified here instruct PN dendritic targeting, then misexpression or swapping of them might cause predictable changes of targeting specificity. We tested this hypothesis by using the DL1 adPN as a model, because we can unambiguously identify this class based on the time of heat shock to induce clones with GH146-Gal4 [4] (Figure 4B ), and GH146-Gal4 is strong enough for single-cell rescue or misexpression experiments [6] .
DL1 adPN expresses Acj6, an adPN lineage factor [6] , but not Drifter or Cut ( Figure 4A ). acj6 2/2 DL1 PNs typically have diffuse dendrites that always innervate, but are not limited to, DL1 [6] (Figure 4C ). drifter misexpression alone did not affect their dendritic targeting. However, when loss of acj6 and gain of drifter were combined, the dendrites completely missed DL1 and targeted anterior glomeruli [6] (Figure 4D) .
Misexpression of Cut alone caused DL1 PNs to target part of DL1 and the vicinity (Figure 4E ), similar to acj6 2/2 ( Figure 4C) . Notably, this diffuse phenotype was directional, because most mistargeted dendrites targeted medially to DL1 ( Figure 4E , n = 9).
cut misexpression combined with loss of acj6 caused severe mistargeting of DL1 adPNs ( Figure 4F , n = 15). The dendrites completely missed DL1 and occupied the medial to dorsomedial AL, typically VM2, DM6, and DC1 (n = 9/15, 7/15, and 4/15, respectively; Figure 4H , yellow). Interestingly, these glomeruli are all adPN targets [4, 21] near DM1 and DM2, the two glomeruli that most frequently fail to be innervated by cut 2/2 lPNs ( Figure 4A ). One interpretation is that loss of acj6 made the DL1 adPN more sensitive to the instructive information of cut to target the medial AL, but the remaining lineage information kept the dendrites within the adPN glomeruli in the area. If this were true, adding a lPN lineage factor drifter may bring the dendrites to DM1 or DM2, since this might recreate, based on our partial knowledge of the TF code ( Figure 4A ), a code for targeting these glomeruli. We thus combined loss of acj6 and misexpression of cut and drifter simultaneously in DL1 adPNs. Under this condition, the dendrites again mostly targeted the medial to dorsomedial AL ( Figure 4G , n = 11). However, glomerular preferences were strikingly different: they frequently innervated 1, DM2, and DA2 (n = 5/11, 4/11, and 3/11, respectively; Figure 4H, red) . Notably, DA2 and DM2 are lPN targets [4, 21] .
These results suggest that cut and drifter have qualitatively different instructive information, with cut controlling global targeting and drifter controlling local glomerular choice according to their lineage.
Discussion
Experiments described here, together with our previous study [6] , identified six TFs and a cofactor required for dendritic targeting of specific subsets of 17 classes of Drosophila olfactory projection neurons ( Figure 4A ). Of the six TFs identified here, at least five are expressed in subsets of PNs. Based on the expression data ( Figure 4A ), we estimate that expression of these six TFs could define 5-11 unique identities (see Experimental Procedures). Although we have not identified unique combinations of TFs for all 17 classes studied here, our results suggest that distinct PN classes are at least partially defined by combinatorial expression of TFs that regulate their targeting specificity.
How many TFs are required to specify the dendritic targeting of 17 PN classes? With a binary combinatorial code, 5 factors could specify 2 5 (=32) different states. If different levels of single factors carry different information (e.g., [19] ), even fewer factors could be sufficient. However, we have identified six TFs that regulate dendritic targeting specificity of subsets of PN classes, or ''specificity TFs,'' after testing 14 candidate TFs. Given that there are 694 predicted TFs in the Drosophila genome [22] , it is almost certain that we have identified only a small fraction of specificity TFs. Thus, the number of specificity TFs is likely much larger than the theoretical minimum.
Redundancy could be a major reason. cut and lim1 in vPNs provide an example. Redundancy could ensure the robustness of wiring, making it tolerant to mutations in specificity TFs. Such tolerance could provide a substrate for evolution, allowing mutations to accumulate without devastating effects on the wiring of preexisting neuronal classes and making it easier for new classes to evolve. Whatever the evolutionary advantages might be, we suggest that many TFs function redundantly and at different levels in a complex hierarchy that cooperatively define neuronal connection specificity.
We find that different TFs regulate different steps of dendritic targeting, some specifying the coarse area (e.g., cut), followed by others controlling local glomerular choice within the area (e.g., drifter and acj6). We previously found that adPNs and lPNs target highly intercalating but nonoverlapping sets of glomeruli [4] . This could be explained now by acj6 and drifter controlling local glomerular choices, enabling adPNs and lPNs to locally segregate into distinct sets of glomeruli. These findings fit well with our recent finding that graded expression of Sema1a cell-autonomously controls the initial and coarse targeting of PN dendrites along the dorsolateral to ventromedial axis [23] . This coarse targeting is likely refined by PN dendrodendritic interactions [24] and ORN-PN interactions [25] . Thus, PN dendrites perform multistep targeting, gradually restricting their dendritic regions. Such multistep targeting could increase the robustness of neuronal wiring, reducing the complexity of decisions at each decision point and minimizing mistakes made by each neuron.
Our results begin to provide insights into the global strategy of how an ensemble of TFs regulates wiring specificity of a large number of neurons constituting a neural circuit. We envision that the properties we have identified here, such as a redundant TF code and multistep targeting, are generally applicable to the establishment of wiring specificity of other complex neural circuits in nervous systems.
Experimental Procedures

Fly Stocks
In mutant analyses for islet, lim1, and cut, two independent alleles gave indistinguishable phenotypes, and the results were pooled (islet, isl 37Aa and tup 1 ; lim1, lim1 E4 and lim1 E9 ; cut, cut c145 and cut db3 ). Information for alleles used can be found in the Flybase (http://flybase.bio.indiana.edu/).
Clonal and Phenotypic Analysis MARCM was performed as previously described [6, 7] . Images were obtained with Biorad MRC 1024 and Zeiss LSM 510. Dendritic targeting was scored as defective when innervation to a given glomerulus is either absent, markedly reduced, and/or considerably diffuse.
Immunostaining
Staining and imaging were performed as previously described [6] . The following antibodies were used: rat anti-mCD8a (Caltag), 1:100; mAb nc82 (a gift from E. Buchner), 1:35; rat anti-Aristaless (a gift from G. Campbell), 1:500; rabbit anti-Pdm-1 (a gift from X. Yang), 1:1000; mAb anti-Cut (DSHB), 1:20; guinea pig anti-Lim1 (a gift from J. Botas), 1:500; rat anti-Islet (a gift from J. Skeath), 1:1000; rabbit anti-Chip (a gift from D. Dorsett), 1:500.
Quantitative Analysis of Dendritic Distributions along the Medial-Lateral Axis
This was done essentially as described in a separate manuscript [23] . A custom-made MATLAB program was used. In short, dendritic termini in the AL were manually selected from confocal z-projections, and the medial-lateral axis was manually drawn. Along the axis, the AL was binned into 10 bins and the relative amount of dendrites (green labeling) in each bin was calculated. Each brain was normalized so that the total amount of dendrites from each clone was 1. The mean distribution from multiple clones of each genotype was plotted, and the mean of mean positions was calculated for each genotype (dotted lines). Statistics are by permutation tests with 100,000 repetitions.
An Estimate of the Number of States Defined by Expression of the Identified TFs
With the TFs identified here, how many different expression profiles can we define? Because we have not determined the precise PN classes that express Islet or Sqz, this has to be an estimate with a range. With the matrix of (Acj6, Drifter, Islet, Lim1, Cut), we can define (+, 2, +, 2, 2) and (+, 2, 2, 2, 2) for adPNs (+ for expression, 2 for lack of expression). For lPNs, (2, +, +, 2, 2) and (2, +, +, 2, +) can be defined. In addition, depending on the extent of overlap and segregation of expression patterns of Islet and Cut, (2, +, 2, 2, 2) and (2, +, 2, 2, +) could be additionally defined. If Sqz is expressed in a specific subset of lPNs, up to four additional states could be defined. vPNs can be defined as (2, 2, 2, +, +). Therefore, based on expression patterns of the 6 TFs described, we can define 5 to 11 groups of the 17 PN classes.
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